Alkali-silica reaction (ASR) can cause expansion and cracking of concrete. Despite significant progress over the past 80 years, the molecular structures of the ASR products remain poorly understood. These reaction products are present in very small amounts within concrete aggregates, which severely limit their chemical and physical characterizations. In this study, synthesis of an ASR product structurally identical to that formed in field concrete is achieved in large quantities at 40 °C. The temperature is found to affect the formation of different types of crystalline ASR products: 12.0 Å (< 40 °C), 10.8 Å (around 40 °C), and 13.1 Å (60 -80 °C for K-shlykovite), which all have layered silicate-sheet structures. Both 10.8 and 13.1 Å ASR products cannot swell at high relative humidity. This suggests that swelling of the studied crystalline ASR products by uptake of water cannot be the mechanism of ASR-induced expansion at 40 to 80 °C. These findings help to better understand ASR in concrete and pave the way for developing innovative solutions for limiting ASR.
J o u r n a l P r e -p r o o f -7- the synthesis, freshly burnt CaO was used in order to avoid any potential carbonation of the material. KOH was selected as alkali source since most cements contain more K 2 O than Na 2 O. After storage at 40 °C for 160 days and 210 days, the samples were filtrated using paper filters with mesh size of 20 μm. The obtained solids were stored in N 2 -filled desiccators with a CO 2 absorbent to minimize carbonation and dried prior to analysis using different drying methods, i.e., drying at 35% RH, heating at 80 °C or 110 °C, vacuum drying at 0.03 ± 0.01 mbar depending on the test methods.
For comparison, the data from previous studies for the ASR products synthesized at 80 °C [15] and those formed in field concrete [11] [12] and laboratory concrete at 60 °C [15] are re-evaluated. The detailed descriptions of the samples used in this study are summarized in Table 1 .
Analytical methods
The powder X-ray diffraction (XRD, PANalytical X'pert Pro) with CoKα radiation in a θθ configuration was used to analyze the synthesized ASR product with a step size of 0.017° 2θ between 5 and 90° 2θ for 2.5 hours. Raman spectra were measured with a Bruker Senterra instrument and operated with the software Opus 6.5. The wavelength of the used laser was 532 nm operated at 20 mW. Secondary electron images of the carbon-coated samples were collected using a scanning electron microscope with energy-dispersive X-ray spectroscopy (SEM/EDS) FEI Quanta 650 with an Everhart Thornley Detector. An acceleration voltage of 5 kV and a spot size 2 were used for imaging, and a voltage of 12 and a spot size 4 were used J o u r n a l P r e -p r o o f -8- for EDS point analysis. Thermogravimetric analysis (TGA) was done with a Mettler Toledo TGA/SDTA 8513 on 10 to 30 mg samples using a heating rate of 20 °C/min from 30 to 980 °C.
Dynamic vapor sorption (DVS) was performed on approximately 0.3 g samples within the full range of relative humidity (RH) from 3% to 94% of the instrument. The measurement was started at equilibrium 35% RH and then the sample was subjected to a stepwise absorption and then desorption process. Each RH step was maintained until moisture equilibrium was reached;
the equilibrium criterion was a mass change of 0.002% per 5 min. The 29 Si MAS NMR experiments were recorded on a Bruker AVANCE III NMR spectrometer using a 7 mm CP/MAS probe at 79.5 MHz applying the same parameters used in the previous study [15] . The 29 Si NMR chemical shifts were externally referenced to tetramethylsilane (TMS) at 0.0 ppm.
Results and discussion

ASR product synthesized at 40 °C
The powder XRD patterns of the two synthesized samples dried at 35% RH after reaction times of 160 and 210 days are shown in Figure 1 . Crystalline products with a d-spacing of 10.8 Å at 9.4° 2θ angle are formed in these two samples. The XRD reflections of the two synthesized ASR products match very well, indicating that the crystalline ASR product can be reproduced at 40 °C. The possible crystal structure of the 10.8 Å ASR product formed in concrete vein has been recently presented by Dähn et al [12] based on an in situ measurement using synchrotron-based micro-XRD of the ASR product formed in a concrete aggregate. The presented crystal structure had a layered (Si,O)-framework, forming wide channels and large J o u r n a l P r e -p r o o f -9-interlayer spaces filled with cations and water molecules. This structure was closely related to a deformed rhodesite structure, which has also been proposed earlier by de Ceukelaire [25] .
However, the main Raman shift for rhodesite is observed between 400 and 500 cm -1 [26] , which is completely different from the Raman spectra of all types of ASR products, as shown in previous studies [11] [15] . Further investigations of the structure of the 10.8 Å ASR product by synchrotron XRD are ongoing.
Identification of 10.8 Å ASR products in field concrete
Crystalline ASR products with a d-spacing about 10.8 Å at 9.4° 2θ angle has also been observed in field concretes [9] [12] [15] [27][28] [29] . The XRD patterns of the lab-synthesized ASR product are directly compared to those formed in field concrete in Figure 2a . For the ASR product formed in field concretes, the data obtained from synchrotron-based micro-XRD measurements for ASR products formed in an intact vein in a concrete aggregate is used (Mels_A), where no contaminations of the ASR product by other crystalline solids (e.g. calcite) are expected [12] . The results show that all the XRD peaks of the field ASR product can be found in the powder XRD pattern of the lab-synthesized ASR product (SKC_40 °C_160d). This suggests that the ASR product formed in the vein of aggregate in the field concrete is structurally identical to the ASR product synthesized in the laboratory at 40 °C. However, some differences in the relative intensities of the XRD peaks are observed between the lab-synthesized ASR product and the ASR product formed in field concrete. In addition, the peaks of the powder XRD pattern of the lab-synthesized ASR have a lower J o u r n a l P r e -p r o o f -10-full-width at half-maximum (FWHM), and their peaks at higher angles (25 -40° 2θ) are much better resolved than the synchrotron-based micro-XRD. For the lab-synthesized ASR product, a powdered sample was used for the XRD measurement, in which the crystals of the ASR product were randomly oriented. No spatial restriction was applied during the synthesis, such that crystals could grow freely. In contrast, on the field ASR product micro-XRD was directly performed on a thin section of a concrete sample, where the crystalline ASR products were formed within a spatially restricted vein in the concrete aggregates, which might limit the crystallite size and result in stacking faults. It is well known that reducing the crystallite size and/or increasing the stacking faults lead to broadening of the XRD peaks [30] [31] . In particular, the crystallite size broadening is most pronounced at high 2θ angles based on the Scherrer Equation [31] : FWHM (2θ) =(Κ λ / L cosθ), where K is a dimensionless shape factor, λ is the X-ray wavelength and L is the crystallite size.
The strong similarity between the lab-synthesized ASR product (SKC_40 °C_160d) and the ASR product formed in concrete (Mels_A) is supported by comparing their Raman spectra shown in Figure 2b . Complete peak assignments of the Raman spectra for different types of ASR products are summarized in [15] . The results in Figure 2b show that nearly identical Raman spectra are observed in the field and synthesized ASR products. The results suggest the presence of silicate sheet structure in the ASR products of both samples, as indicated by the presence of symmetrical bending (600 cm -1 ) and symmetrical stretching (1115 cm -1 ) assigned to Q 3 Si-tetrahedra. Moreover, the vibrations involving Ca-O polyhedra The morphology of the synthesized ASR product after reaction of 160 days is obtained from SEM measurements on the powdered sample dried at 35% RH, as shown in Figure 2c .
A rosette type or plate-like morphology is observed for the crystalline ASR product. Besides, some amorphous reaction products (mainly C-S-H) are also observed in SEM, which are not detected with XRD, likely due to their low amount and amorphous nature. The same plate-like morphology has also been observed in many ASR affected mortars and concretes [25] [38] , which also suggests a strong consistency between the synthesized ASR product and that formed in concrete. 
Influence of drying on the synthesized 10.8 Å ASR product
The XRD patterns of the synthesized ASR products in wet, 35% RH and vacuum-dried conditions are shown in Figure 3a . Except for the change of background due to the use of Kapton foil to prevent evaporation of water for the wet sample, no intrinsic difference on the XRD reflections is seen for the samples dried at 35% RH and in wet conditions. The absence of any peak shifts when increasing the RH from 35% to the wet state reveals that no alteration of the structure and volume has occurred. Thus, no expansion of the synthesized ASR product is expected. Significant changes of the XRD reflections, however, are observed when the sample is dried under vacuum; while the first peak (possibly related to the basal spacing) remains similar. There is a clear shift of the second peak at 11.6° 2θ (d = 8.8 Å) to 13.5° 2θ (d = 7.6 Å). The change of crystal structure under such extreme drying conditions, i.e., under vacuum, which does normally not occur in concrete, may help to understand better the structure of the 10.8 Å ASR product.
The vacuum-dried sample was also continuously monitored by XRD during rewetting back to the wet state, see Figure 3b . Starting from the vacuum-dried condition (curve a), a change of the XRD pattern is observed after storage (in a sealed plastic bag) in a desiccator at 35% RH for nearly 2 months (curve b). A delay of the measurements by 2.5 hours (curve b') and 5 hours (curve b'') on the same sample, during which the sample was exposed to air with a RH relatively higher than 50%, shows a further increase of the intensity of the peaks at 11.6° and 15.5° 2θ, and then remains constant. The results shown in Figure 3 unloading it from the sample holder for 2 days (curve c), which slightly reduced the peak intensity at 11.5° 2θ, indicating that the "loosely bound water" (see DTG curve in later section for this definition) is partially removed.
The SEM images in Figure 2c show the presence of only one type of crystal with rosette-type or plate-like morphology in the sample (SKC_40 °C_160d) dried at 35% RH. It can be expected that the change of crystal structure upon vacuum drying may result in a change of morphology of the ASR product. The SEM image obtained for the vacuum-dried sample in Figure 3c shows in addition to the typical rosette or plate-like morphology, ASR products with narrower plate-like and even rod-like morphologies. It should be noted that the vacuum-dried sample can absorb some water from the environment during the sample delivery and instrument setup for SEM measurement. Thus, it is not surprising that also the conventional rosette type morphology is observed in the vacuum dried sample. It is not feasible to capture to which extent the change in morphology leads a change of crystal structure, as the uptake of moisture from the air by the synthesized ASR product is very fast.
Therefore, a more sophisticated in-situ experiment, which allows recording both morphology and crystal information under the controlled drying conditions, would be needed.
The effect of moisture conditions on the structural change of the synthesized ASR product is also investigated with dynamic vapor sorption (DVS), by monitoring the change of the water absorption and desorption after changing the RH from 3% to 94% over two cycles as shown in Figure 4a . Overall, no abrupt changes of the sorption and desorption isotherm are J o u r n a l P r e -p r o o f -14-observed within the whole range of RH, which tentatively indicates that even drying at 3% RH is probably not harsh enough to alter the crystal structure of the synthesized ASR product.
The repeated sorption and desorption cycles follow the initial curves, which also strongly supports that no fundamental structure change occurs. Moreover, some hysteresis is observed for this sample during sorption and desorption process. Similar results are also observed from thermogravimetric analysis (TGA) for the samples with similar drying state (at 35% RH), but different drying history (wet and vacuum dried) as shown in Figure 4b . No change of chemically bound water is observed from the DTG curve (the first derivative of the TGA curve).
In addition to vacuum drying, heating has also been applied without unloading the sample from the sample holder used for the measurements (Figure 3b ). Only a small amount of loosely bound water is removed upon drying at 80 °C for 3 days (curve b), as shown in Figure 5 , much less than for the vacuum-dried sample (curve a). A delay of the measurements by 2.5 hours (curve b') and 5 hours (curve b'') shows a gradual uptake of water from the environment by the synthesized ASR product (SKC_40 °C_160d) as indicated by the increased intensity of the peak at 11.6° 2θ. The sample was further dried at 110 °C for 2 days, i.e. at a temperature where the loosely bound water of the synthesized ASR product is lost, as is evident in the TGA results (Figure 4b ). The XRD pattern (curve c) indicates the disappearance of the peaks at 11.6° and 15.5° 2θ and the appearance of a peak at 13.5° 2θ, i.e. the same effect as vacuum drying (curve a). Also the structure change of the ASR product at J o u r n a l P r e -p r o o f -15-110 °C is reversible, as is further supported by measurements delayed by 2.5 and 5 hours (curve c' and c''), as shown in Figure 5 .
Influence of temperature on the formation of different types of ASR products
Investigation of the crystalline ASR products formed at different temperatures is essential to understand the mineralogical diversity of ASR products formed in concrete and to assess the reliability of the accelerated ASR performance testing methods. For this purpose, the results for a collection of ASR products formed at different temperatures (i.e., ambient, 40, 60 and 80 °C) in laboratory and field concrete are compared for the first time as shown in all temperatures. These reflections suggests that these ASR products may have some similarities in their short order structures [15] , which is further confirmed by the comparable Raman spectra of the ASR products formed at 40, 60 and 80 °C, as shown in Figure 6b .
For all types of ASR products formed at different temperatures, Raman spectra in Figure   6b show the presence of symmetrical bending (600 cm -1 ) and symmetrical stretching (1115 cm -1 ) assigned to Q 3 Si-tetrahedra, which indicates the presence of a silicate sheet structure.
In particular, the Raman spectra of the ASR products formed at 60 °C and synthesized at 80 °C are identical, namely both of them are 13.1 Å ASR products. The 13.1 Å ASR product J o u r n a l P r e -p r o o f -16-was found to be the same as the natural mineral K-shlykovite in terms of its chemical composition and crystal structure [15] [39] [40] . Some differences in Raman spectra are observed between 13.1 Å (K-shlykovite) and 10.8 Å ASR products, which are consistent with the XRD results as shown in Figure 6a .
Very few data are available in the literature for the vapor sorption and desorption isotherms of the ASR products. Figure 6c shows the comparison of the DVS curves of ASR products synthesized at 40 °C (SKC_40 °C_160d) and 80 °C (SKC_80 °C). As a reference, the DVS results for calcium-silicate-hydrate (C-S-H) are also plotted in the same figure.
Generally, both ASR products show lower water uptake capacity compared to C-S-H, suggesting that swelling by uptake of water of the investigated ASR products is not responsible for the expansion induced by ASR.
New insights of the structure of 10.8 Å ASR product from Raman and 29 Si MAS
NMR data
The structure of crystalline ASR product (13.1 Å) formed at 80 °C has been well explained since it is very similar to the crystal structure of natural K-shlykovite [15] [40] . The crystal structure of K-shlykovite is also compatible with the information obtained from powder XRD, 29 Si NMR, TGA and Raman spectroscopy [15] . Taking advantages of the large structural similarity between the K-shlykovite and the 10.8 Å ASR product according to Raman spectra (Figure 6b ) and the known structure of K-shlykovite (Figure 7a ), attempts to derive the crystal structure of 10.8 Å ASR product from K-shlykovite have been recently J o u r n a l P r e -p r o o f -17-made [14] . By modification of the K-shlykovite structure such as spacing group and unit cell parameters, most of the XRD peaks of the 10.8 Å ASR product could be well fitted. However, two major peaks at 9.5 and 28.7 ° 2θ could not be well explained, since the atom positions within the Q 3 framework cannot be derived from Raman spectra.
In contrast to Raman, 29 Si MAS NMR captures more details of the chemical environment of each Si-tetrahedra within the Q 3 framework. In order to trace the possible change of chemical shift related to any structural variations, the 29 Figure 7a . However, this strong resonance has disappeared for the 10.8 Å ASR, indicating the loss of symmetry of these two Si-tetrahedra. Furthermore, substantial differences in the main resonance between -90 ppm and -100 ppm are also observed for the two 10.8 Å ASR products (SKC_40 °C), which might be related to the uptake of water by the measured samples. Finally, the resonance related to the third Si-tetrahedron (Si3) remains consistent between K-shlykovite and two 10.8 Å ASR products. This observation conforms to the fact this Si-tetrahedron (Si3) is not directly associated with the -OH group or water molecules, as shown in Figure 7a , and is thus probably less affected by vacuum drying.
Overall, in addition to the change of spacing group and symmetry as proposed by Geng et al [14] , a distortion of the 4-ring and 6-ring silicate framework as shown in Figure 7a is also expected when considering transformation of the crystal structure from K-shlykovite to 10.8 Å ASR product. Some extent of reversible deformation of the 4-ring and 6-ring silicate framework can also be expected after vacuum drying. These results provide a new perspective for the further refinement of the crystal structure for the 10.8 Å ASR product.
Conclusions
In this study, a crystalline ASR product with d-spacing of 10.8 Å at 9.4° 2θ angle is synthesized at 40 °C. Comparison of the XRD patterns, Raman spectra, morphology and chemical composition with the ASR product formed in a field concrete strongly suggests that the 10.8 Å ASR products formed in laboratory and field concrete are structurally identical. The structural change of the 10.8 Å ASR product is reversible under vacuum drying, heating at temperature lower than 80 °C and drying at various RH conditions. Moreover, only vacuum drying at 0.03 ± 0.01 mbar or heating at 110 °C can effectively remove the loosely bound water of the 10.8 Å ASR product. The absence an obvious structural change above 3% relative humidity and a lower relative water uptake than observed for C-S-H suggest that swelling of the studied crystalline ASR product is not the responsible mechanism for the macroscopically-observed expansion in ASR affected structures.
The XRD results show formation of crystalline ASR products with different d-spacing for the first XRD peaks at different temperatures, i.e., 12.0 Å (< 40 °C), 10.8 Å (40 °C), and 13.1 Å (60 -80 °C for K-shlykovite). In addition, Raman spectra show that the ASR product formed at 60 °C is identical to that formed at 80 °C, indicating the formation of K-shlykovite at these temperatures. All types of crystalline ASR products exhibit a layered silicate-sheet structure according to Raman and 29 Si NMR spectra. For the 10.8 Å (this study) and 13.0 Å (shlykovite) ASR products, swelling of the reaction products by uptake of water cannot be the mechanism for causing ASR-induced expansion. 
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